Sector -zoned aegirine was found in a specimen of Sanbagawa quartz schist from the Iimori region of the western Kii Peninsula, central Japan. The schist consists of quartz, aegirine, albite, amphibole (magnesioriebeckite to manganocummingtonite), garnet (spessartine), rhodochrosite, pyrophanite, jacobsite, and apatite. Aegirine occurs as subhedral to euhedral prismatic crystals less than 250 µm long. Three sectors in the zoning are distinguished on the basis of backscattered electron images. The [001] sector is more enriched in Ca and Mg (as CaMgSi 2 O 6 ) and depleted in Al (as NaAlSi 2 O 6 ) than the {110} and {100} sectors, and the {110} sector is more enriched in Fe 3+ (NaFe
INTRODUCTION
Na to Na -Ca pyroxene (hereafter denoted as sodic pyroxene) is a common constituent of high -P/T metamorphic rocks, and the amount of the jadeite component in such sodic pyroxene, when it coexists with quartz and albite, can be used as a good indicator of metamorphic pressure.
In the Sanbagawa high -P/T metamorphic belt, sodic pyroxene often shows chemical zoning which is considered to reflect the changes of P -T conditions during its growth whilst maintaining surface equilibrium with associated minerals (e.g., Enami et al., 1994) . On the other hand, some sodic pyroxene in the Sanbagawa metamorphic rocks displays sector zoning (Hirajima, 1989) , which is thought to represent disequilibrium crystallization (e.g., Leung, 1974) . Therefore, understanding the nature of the compositional zoning in sodic pyroxene is important before one can assess the equilibrium conditions.
We found sector -zoned aegirine in a specimen of Sanbagawa quartz schist from the Iimori region of the western Kii Peninsula, central Japan. This is just the second occurrence of sector -zoned sodic pyroxene from the Sanbagawa belt, as far as we know.
Virtually all reported occurrences of sector -zoned clinopyroxene are from magmatic rocks, with only a very few examples from non -magmatic rocks (Ranløv and Dymek, 1991) . Furthermore, most of these examples are of Ca pyroxene (Ranløv and Dymek, 1991) . Carpenter (1980) found sector -zoned sodic pyroxene in monomineralic veins cutting a blueschist in California; he reported hour -glass textures for omphacite and sodic augite, but the orientations of the sectors were not determined precisely. Hirajima (1989) found sector -zoned aegirine in Fe -Mn rich nodules from the Sanbagawa schist in the Kanto Mountains, but he could not determine the orientations of the sectors. The aegirine we have found in the Iimori region is therefore a rare example of sector zoning in metamorphic sodic pyroxene, and in this paper we describe its mode of occurrence and its chemical microstructure. The specimen has been stored at the Geological Museum of the Geological Survey of Japan, AIST, Tsukuba, under the registration number GSJ M41558.
GEOLOGIC SETTING AND PETROGRAPHY
The Sanbagawa metamorphic belt belongs to the highpressure intermediate group of metamorphic facies series (Miyashiro, 1961) . It represents the deeply subducted part of the Mesozoic accretionary complex at the eastern margin of the Eurasian continent. Figure 1 shows a map of the metamorphic zones in the Iimori region. The Sanbagawa belt in the Iimori region is divided into three mineral zones, chlorite, garnet, and biotite, in order of increasing metamorphic grade, and on the basis of mineral parageneses in the pelitic schists (e.g., Wang and Maekawa, 1997; Makimoto et al., 2004) .
The sector -zoned aegirine -bearing quartz schist was collected from a waste rock pile in the Iimori mine (N34°15ʹ, E135°26ʹ). This mine is located in the garnet zone, according to the metamorphic zonation maps of Wang and Maekawa (1997) and Makimoto et al. (2004) (Fig. 1) . Yellowish green aegirine -rich lenses (up to 13 mm in width) occur in the quartz schist ( Fig. 2 ; Color version of Figure 2 is available online from http://joi.jlc.jst. go.jp/JST.JSTAGE/jmps/120513). The lenses are composed mainly of aegirine, garnet, amphibole, and quartz, with subordinate amounts of pyrophanite. The quartz -rich matrix around the lenses consists of quartz, aegirine, albite, amphibole, and garnet, with pyrophanite and apatite as accessory minerals (Fig. 2) . Moreover, the aegirinerich lenses contain rhodochrosite -rich lenses (up to 4 mm in width) that consist mainly of rhodochrosite, jacobsite, and pyrophanite, with minor garnet.
Aegirine in the aegirine -rich lenses occurs as subhedral grains up to 150 μm long, whereas aegirine in the quartz -rich matrix forms subhedral to euhedral prismatic crystals up to 250 μm long. Aegirine crystals in the lenses and matrix are green to pale green, and partly enclosed by thin yellowish green rims with a higher refractive index than the inner material. Aegirines that are directly in contact with quartz and albite can be seen in the quartz -rich matrix. Hematite inclusions have been observed in the aegirine within the quartz -rich matrix. The associated amphiboles are pale green, and occur as euhedral to subhedral crystals with lengths up to 500 μm. Garnet is euhedral to subhedral, forming crystals of less than 650 μm diameter. Most of the garnet is weakly anisotropic, and some large garnets display a sector structure under the optical microscope.
MINERAL CHEMISTRY
Chemical analyses were performed on a JEOL JXA -8800R electron microprobe. The accelerating voltage, specimen current, and beam diameter were kept at 15 kV, 12 nA on the Faraday cup, and 2 μm, respectively. The standards used were quartz (Si), rutile (Ti), corundum (Al), eskolaite (Cr), hematite (Fe), manganosite (Mn), periclase (Mg), wollastonite (Ca), albite (Na), and adularia (K). The Bence and Albee (1968) method was employed for matrix corrections. The chemical compositions of the aegirine and garnet are given in Table 1 . /Fe 2+ ratio of aegirine was estimated with the total cations = 4.00 apfu (O = 6). However, about 50% of the calculated formulae show that the total of cations is slightly larger than 4.00 apfu, even when all the Fe has been calculated as Fe 3+ . This suggests that some of the Mn ion should be Mn 3+ as in the NaMn 3+ Si 2 O 6 (namansilite) molecule, and as reported for some Mn -bearing omphacites and diopsides (Griffin and Mottana, 1982) . Therefore, in the case of the total cations being greater than 4.00 apfu, the Mn 3+ /Mn 2+ ratio was calculated on the basis of total cations = 4.00 apfu (O = 6), assuming all iron to be Fe
3+
. The end -member proportions of jadeite, aegirine, namansilite, and augite were calculated using the method proposed by Morimoto (1988) . The nomenclature of the pyroxenes conforms to Morimoto (1988) . Hashimoto et al. (1990) reported sodic pyroxenes in quartz schists from the Iimori region. The sodic pyroxenes show slight compositional variations within single grains, but because of the xenoblastic forms of the crystals, it is not clear whether this is due to concentric, sector, or some other more irregular zonal structure (Hashimoto et al., 1990) . To elucidate the chemical microstructure of the aegirine in sample GSJ M41558, collected from the Iimori region, euhedral aegirine grains from the quartzrich matrix were investigated with the electron microprobe, and we note that it is only this aegirine that exhibits an obvious sector -zoned pattern. The euhedral aegirines are elongate along the c -axes, and they are somewhat platy parallel to {100}. The dominant forms are {100} and {110}. The form under which the basal sector grew has not been identified with certainty, and this sector is therefore denoted by the zone symbol [001], as was also used by Harkins and Hollister (1977) . Backscattered electron images of aegirine sections cut nearly perpendicular to the c -axis show clear sector zoning (Figs. 3a and 3b) . The aegirine grain shown in Figure 3a is hereafter referred to as grain (a), and the grain in Figure 3b as grain (b). Orientation and growth sectors could be identified from observing the {110} cleavages, and this sector zoning corresponds to the zoning model proposed by Larsen (1981) . Three sectors, namely [001], {110}, {100}, are distinguished in Figure 3 . Quantitative analyses at 128 spots were performed on grains (a) and (b). Because of their small grain size, we cannot obtain chemical data for the {100} sector of grain (b). The [001] sectors are more enriched in Ca and Mg (as CaMgSi 2 O 6 ) and depleted in Al (as NaAlSi 2 O 6 ) than the {110} and {100} sectors (Fig. 4) . The sector -zoned aegirine (hereafter named the sector -zoned core) of grain (a) is incompletely surrounded by a mantle of X Jd -rich aegirine, seen as the dark part in Figure 3a , and similarly, the sector -zoned core of grain (b) is clearly surrounded by an X Jd -rich mantle (the dark part in Fig. 3b) . The compositional ranges of the X Jd -rich mantles are X Jd 0.26 -0.29, X Ae 0.55 -0.63, X Nam 0.00 -0.03, and X Aug 0.10 -0.16, different from those of the [001], {110}, and {100} sectors (Fig. 4) . Moreover, these composite crystals are incompletely enclosed by outermost rims of X Jd -poor aegirine (the bright parts in Figs. 3a and 3b), and these X Jd -poor rims correspond to the yellowish green rims identified under the optical microscope. The outermost rims have compositional ranges of X Jd 0.11 -0.12, X Ae 0.72 -0.75, X Nam 0.00 -0.04, and X Aug 0.12 -0.16, different from the compositional ranges of both the X Jd -rich mantles and the sector -zoned cores (Fig. 4) .
Minerals other than sodic pyroxene
The Fe 3+ /Fe 2+ ratios of the garnets were estimated with total cations = 8.00 apfu (O = 12). However, the calculated [001] sector {110} sector Sector-zoned core {100} sector X Jd -rich mantle X Jd -poor outermost rim total cations are, in most cases, slightly larger than 8.00 apfu, even when all the iron has been calculated as Fe 3+ . In garnets, again, a part of the Mn should be Mn 3+ , as suggested by Hashimoto et al. (1990) Leake et al. (1997 Leake et al. ( , 2004 . Amphibole Fe 3+ /Fe 2+ ratios were estimated using the maximum ferric method described by Leake et al. (1997) . The chemical compositions of the amphiboles are given in Table 2 . Backscattered electron images indicate that the amphiboles are chemically heterogeneous within single grains, and do not show clear zonal structures. Their compositions vary from magnesioriebeckite to manganocummingtonite with Mn at the B site = 0.03 -1.80 apfu. The albites are fairly homogeneous, with Ca/(Ca + Na) ratios less than 0.002.
DISCUSSION
Using backscattered electron images and electron probe microanalyses, we were able to recognize (1) sectorzoned cores, (2) X Jd -rich mantles, and (3) X Jd -poor outermost rims (Fig. 3) . The chemical microstructure of the cores can be described as sector zoning, whereas that of the mantles and outermost rims is imperfect concentric zoning. Sector zoning develops during relatively rapid, non -equilibrium crystallization (e.g., Carpenter, 1980; Ranløv and Dymek, 1991) . Therefore, the textural relationships suggest that after an initial rapid non -equilibrium crystallization of the core, the X Jd -rich mantles, as well as the X Jd -poor rims, formed in equilibrium with the surrounding minerals. There are irregular contact boundaries between the X Jd -rich mantles and X Jd -poor rims (Fig.  3b) , implying either decomposition of the mantles prior to or during precipitation of the outermost rim, or diffusion of elements between the mantles and rims. The relatively sharp contact boundaries between the core and outermost rim in Figure 3b might support the former interpretation. The concentric zoning pattern suggests that the X Jd -rich mantles and X Jd -poor rims are respectively the products of the prograde (probably peak) and retrograde stages of metamorphism.
The outermost rim of aegirine grain (a) is directly in contact with quartz and albite. This texture indicates that the X Jd -poor rim coexisted with quartz and albite, and we can therefore use the composition of this aegirine to calculate the equilibrium conditions. Although aegirine grain (b) is enclosed by albite, it is not in contact with quartz, and for this reason, we have only used the average composition of the X Jd -poor outermost rim of grain (a) to calculate the univariant curve of jadeite + quartz = albite, using the THERMOCALC program (ver. 3.21) of Holland and Powell (1998) (Fig. 5) . The activity of the jadeite component was obtained using the AX2 program (ver. 2.2). Calculations were made on the basis of pure albite, due to the very small content of CaO in the analyzed albites. This calculated univariant curve constrains the P/T conditions of the retrograde stage of metamorphism for the studied sample of quartz schist.
